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Abstract
In a slender water body with a large aspect ratio, the angle of wind waves relative to the direction normal to the shoreline may
exceed 45°, resulting in the emergence of cuspate forelands and the subdivision of a lake, because the fetch distance along the
principal axis becomes large. The BG model (a three-dimensional model for predicting beach changes based on Bagnold’s
concept) was used to predict the segmentation of a rectangular lake by wind waves under the conditions with/without the
construction of offshore breakwaters that reduce the fetch distance, together with the numerical simulation of the deformation of
a circular lake when a straight seawall cutting off a part of the lake was constructed.
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1. Introduction
In a narrow water body with a large aspect ratio, the angle of wind waves relative to the direction normal to the
shoreline may exceed 45°, and the shoreline may become unstable because the fetch distance along the direction of
the principal axis of the water body is sufficiently large for waves with significant energy to be generated (Ashton et
al., 2001; Ashton and Murray, 2006). Therefore, cuspate forelands that develop from both shores of a narrow water
body connect with each other, resulting in the segmentation of the water body into smaller rounded lakes (Zenkovich,
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1967; Ashton et al., 2009). Regarding these phenomena, the division and reduction of a fetch distance owing to the
formation of a large shoreline protrusion associated with shoreline instability under high-wave-angle conditions and
the resulting change in the wave field are key factors. Ashton et al. (2009) developed a model for predicting lakeshore
changes on the basis of a longshore sand transport formula, and predicted that the forelands formed along the
shoreline connect with each other, resulting in the segmentation of the water body into smaller rounded lakes. Uda
et al. (2012) predicted the three-dimensional (3-D) segmentation of a shallow rectangular water body using the BG
model (a 3-D model for predicting beach changes based on Bagnold’s concept). Uda et al. (2013) studied the
emergence and mergence of small lakes and their segmentation using the same model. In these studies, the
segmentation of the water body into smaller lakes was investigated under natural conditions, but the effect of the
artificial landform changes on the segmentation has not yet been studied. Therefore, we investigated such impact,
taking Lake Saroma as an example, where a number of sand spits can be observed along the lakeshore, whereas
fishing port facilities have been constructed on the lakeshore (Miyahara et al., 2015). In our previous study, the BG
model was used to investigate the 3-D beach changes during the segmentation of a shallow water body into small
lakes including the impact of the construction of two groins on the lakeshore. In this work, we further studied the
segmentation of a rectangular lake due to wind waves under the conditions with/without the construction of offshore
breakwaters that reduce the fetch distance, together with the numerical simulation of the deformation of a circular
lake when a straight seawall is constructed.
2. Predictive model
The fundamental equations are the same as those proposed by Uda and coworkers (2012, 2013, 2014). For the
sand transport equation, Eq. (1), which is expressed using the wave energy at the breaking point, was used, similar
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= ,( ) is the net sand transport flux, Z (x, y, t) is the seabed elevation with reference to the still water
level (Z = 0), 	
 
= 	 , 	 ( ) is the seabed slope vector, 

is the unit vector of wave direction, α is the angle
between the wave direction and the direction normal to the contour line, xw is the coordinate along the direction of
wave propagation, tanβw is the seabed slope measured along the direction of wave propagation, tanβc is the
equilibrium slope of sand, and Ks is the longshore and cross-shore sand transport coefficient. C0 is the coefficient for
transforming the immersed weight expression to the volumetric expression ( 0 =1  −( ) 1− ( ){ } ; ρ is the
seawater density, ρs is the specific gravity of sand, p is the porosity of sand, and g is the acceleration due to gravity),
hc is the depth of closure, and hR is the berm height. ε (Z) in Eq. (5) is the depth distribution of sand transport and is
defined using Eq. (4); in this study, a uniform distribution was employed. (ECg)b is the wave energy flux at the
breaking point, Hb is the breaker height, H1/3 is the significant wave height calculated using Wilson’s (1965) equation
(Eq. (7)) using the fetch distance F and the wind velocity U (Goda, 2003), and γ is the ratio of breaker height to
water depth. Prior to the calculation of beach changes, significant wave height at a point was calculated using Eq.
(7) given a local fetch distance F at the point and the wind velocity U. In this calculation, another coordinate system,
in which the axes are taken along the wind direction and perpendicular to the axis, as described by Uda et al. (2014),
was employed.
In this study, the wind direction at each step in the calculation of beach changes was selected to be a value
determined by random numbers so as to satisfy the probability distribution function of the occurrence of a certain
wind direction, although wind velocity was assumed to be constant. In every step of the calculation of beach changes,
the wind direction was reset using random numbers, and the P-value distribution was recalculated. Finally, the sand
transport and continuity equations, Eqs. (1) and (8), respectively, were solved on the x-y plane by the explicit finite-
difference method using the staggered mesh scheme.
3. Calculation conditions
Three conditions were adopted for the initial shape of the lake and the structures, as schematically shown in Fig.
1. In Case 1, a circular lake of 1 km radius was considered, and part of the circular lake was cut off by a seawall
extending along y = -500 m to investigate the effect of the reclamation on the nearby lakeshore. In addition, a shallow
water body of 3 m depth was assumed in a circular water body, and a sandy beach with a berm height of 1 m and a
uniform slope of 1/20 was set on a solid bed. Because the circular lake is completely stable for the wind waves
generated when wind blows from all directions between 0° and 360° with the same probability of occurrence and
intensity, no lakeshore changes occur without the landform changes, but when a seawall is constructed at part of the
lake, the wave field will change, resulting in the lakeshore changes. In Case 2, the segmentation of a rectangular lake
with an aspect ratio of 5 owing to high-angle wave instability (Ashton et al., 2009) was investigated. In Case 3, the
effect of the installation of offshore breakwaters on the segmentation of a rectangular lake with the same aspect ratio
of 5 as in Case 2 was calculated and the results of both cases were compared. Random perturbations with the
amplitude Z = 0.1 m were added to the slope between Z = 1 and -3 m in the initial bathymetry in Cases 2 and 3.
Wind velocity was assumed to be 20 m/s, and wind blew from all directions between 0° and 360° with the same
probability of occurrence and intensity in all cases, as schematically shown in Fig. 2. The wind direction in each step
was set using random numbers. The calculation domain was discretized by x = y = 20 m, and t was set at 10 h.
The depth distribution of sand transport was assumed to be given by a uniform distribution throughout the depth,
and the equilibrium slope was assumed to be 1/20. Table 1 shows the calculation conditions. The wind velocity of
20 m/s is the value at which a significant wave height of approximately 1 m, the same as the berm height, could be
generated, given the fetch distance of 4.6 km, which is the distance along the diagonal of the initial rectangular water
body in Cases 2 and 3.
505 Masumi Serizawa et al. /  Procedia Engineering  116 ( 2015 )  502 – 509 
Fig. 1. Schematic shape of water bodies in Cases 1, 2 and 3.
Fig. 2. Probability distribution of occurrence of wind direction p().
Table 1. Calculation conditions.
Wind velocity 20 m/s
Berm height hR 1 m
Depth of closure hc 3 m
Equilibrium slope tanβc 1/20
Coefficients of sand transport
Coefficient of longshore sand transport Ks = 0.2
Coefficient of cross-shore sand transport Kn = Ks
Mesh size Δx = Δy = 20 m
Time intervals Δt = 10 hr
Duration of calculation 106 hr (105 steps)
Boundary conditions
Shoreward and landward ends qx = 0
Right and left boundaries qy = 0
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4. Calculation results
4.1. Effect of construction of straight seawall cutting part of a circular lake (Case 1)
Part of a rounded lake was assumed to be cut off by a seawall, as shown in Fig. 3(a), and then the change in the
initial lake was predicted under the condition that wind blows from all directions between 0° and 360° with the same
probability of occurrence and intensity. Because the rounded lake is completely stable for such wind wave condition,
no lakeshore changes occur without land reclamation. However, when a seawall is constructed at a part of the lake,
the wave field will change, resulting in the lakeshore changes. Figures 3 and 4 show the calculation results in each
step and the seabed difference after 105 steps with reference to the initial topography.
We set points A, B, and B’ on the principal axis and the intersection of the seawall and the initial circular shoreline,
together with point O at the center of the circle and point C at a point on the shoreline located counterclockwise from
point A, as shown in Fig. 3(a). Points B and B’ are symmetrically located with respect to the axis OA. Longshore
sand transport is always 0 at point A owing to the symmetricity and at the intersections B and B’ because of the solid
boundary. Owing to the asymmetrical fetch distance at point C on the shoreline in the upper half of the circle from
point A, counterclockwise longshore sand transport (A → C → B) occurs, resulting in the shoreline recession in the
vicinity of point A and sand deposition near point B, as shown in Fig. 4. In the lower half of the water body, we have
symmetrical conditions. The shoreline gradually changes, as shown in Fig. 3, and finally, lakeshore changes shown
in Fig. 4 occurred. Although the initial distance between the connecting points of the lakeshore and the seawall was
1760 m, it decreased to 1640 m after 1×104 steps, 1400 m after 5×104 steps, and 1240 m after 105 steps. Note that
the construction of the seawall caused the shoreline recession on the opposite shore against the seawall.
Fig. 3. Change in circular lake cut off by a straight seawall.
Fig. 4. Seabed differences after 105 steps with
reference to initial topography.
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4.2. Segmentation of rectangular water body (Case 2)
Figure 5 shows the results of the calculation of the segmentation of a slender, rectangular lake with a longshore
length of 4.5 km and a width of 0.9 km (aspect ratio = 5). At the initial stage, a random perturbation with an
infinitesimal amplitudeZ = 0.1 m was added to the shore surrounding the rectangular water body. With wind waves
incident to the lakeshore, a number of cuspate forelands of irregular shapes developed along the shoreline after 5×103
steps. After 1×104 steps, the wave-shelter zone was formed downcoast of each cuspate foreland protruding into the
lake, resulting in the decrease in the level of longshore sand transport in the wave-shelter zone. In contrast, longshore
sand transport is so prevalent around the tip of the foreland that small sand bars merged into a larger sand bar. As a
result, the size of the sand bar increased after 2×104 steps and sand bars of a hound’s-tooth shape were formed. After
3×104 steps, sand bars extended to the opposite shores, and the water body was separated into approximately two
lakes. After 4×104 steps, the distance between two cuspate forelands was narrowed and they rotated
counterclockwise together with the decrease in the size of shoreline protrusions. After 5×104 steps, the water body
was separated into two lakes, and the shape of the lakes became rounded. The lakeshore changes continued, and
finally, after 105 steps, two completely rounded lakes were formed.
Fig. 5. Results of calculation of segmentation of a rectangular lake.
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4.3. Segmentation of rectangular water body after construction of two offshore breakwaters (Case 3)
In Case 3, two detached breakwaters of 1200 m length, which forcibly separate the fetch distance in a slender
lake, were constructed, and the impact of the artificial alteration on the lakeshore changes was investigated, while
maintaining the initial shape of the lake the same as in Case 2. Two offshore breakwaters were asymmetrically placed
in the x-direction with the separation distances of 560 and 300 m upward and downward, respectively, as shown in
Fig. 6(a). With wind waves incident to the lakeshore, a number of cuspate forelands of irregular shapes developed
along the upper shoreline, whereas cuspate forelands of irregular shapes extended to the offshore breakwaters to
form tombolos behind the offshore breakwaters after 5×103 steps. After 1×104 steps, the number of cuspate forelands
was reduced with the increase in their sizes. The size of the sand bar increased after 2×104 steps, and a pair of cuspate
forelands connected to the offshore breakwaters to form double tombolos in the downward zone of the offshore
breakwaters, whereas in the upper zone of the offshore breakwaters, two cuspate forelands were formed with one
attached to the left offshore breakwater, and a single cuspate foreland extended to the right offshore breakwater.
After 3×104 steps, the width of the double tombolos increased, while forming a rounded lake behind the offshore
breakwater. In contrast, in the upper zone, a single cuspate foreland attached to the offshore
Fig. 6. Results of calculation after construction of two offshore breakwaters in a lake.
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breakwater and the water body was separated into approximately three large lakes and two small lakes behind the
offshore breakwaters. After 4×104 steps, the width of the cuspate forelands attached to the offshore breakwater in
the upper zone increased. Two small sand bars that developed in the central and right lakes gradually disappeared
over time. After 5×104 steps, the water body was separated into three large lakes and two small rounded lakes. The
lakeshore changes continued, and finally, after 105 steps, two completely rounded lakes were formed behind the
offshore breakwaters, which have the same characteristics of the rounded lake in Case 1, and three lakes were
formed.
5. Conclusions
The deformation of a circular lake when a straight seawall cutting off the circular lake was constructed was
predicted using the BG model under the condition that wind blows from all directions between 0° and 360° with the
same probability of occurrence and intensity. The results showed that the center of the rounded lake approached the
seawall, and the construction of the seawall caused the shoreline recession on the opposite shore against the seawall.
Furthermore, the segmentation of a rectangular lake due to wind waves under the conditions with/without the
construction of offshore breakwaters that reduce the fetch distance was investigated in Cases 2 and 3. In Case 2
without the offshore breakwaters, two rounded lakes were formed from the initial rectangular water body by the
segmentation, whereas in Case 3 with the offshore breakwaters three large lakes and a pair of small rounded lakes
were formed in the water body separated by the offshore breakwaters, implying a large impact on the segmentation
of a rectangular water body by wind waves. Thus, lakeshore changes triggered by artificial alteration were
successfully predicted using the BG model.
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